Background and Aim: Berry shrivel during ripening is cultivar dependent and is correlated with berry cell death (CD). We hypothesised that under heat stress and water stress, regions of the pericarp in Shiraz berries would become hypoxic depending on berry porosity, and that this would induce CD. Methods and Results: We measured CD and [O 2 ] across the pericarp in berries developed under the factorial combination of two thermal regimes (ambient and heated) and two irrigation regimes (irrigated and non-irrigated) in the Barossa Valley, South Australia. Heating increased ambient temperature by 0.6 C for irrigated and 1 C for non-irrigated vines but had no effect on water relations, while non-irrigation decreased stomatal conductance and stem water potential. Non-irrigation decreased berry [O 2 ] and increased both CD and ethanol concentration relative to irrigation. An association was established between mesocarp [O 2 ] and CD. Berry respiration and total berry porosity decreased during berry ripening, but relative locule air-space measured by X-ray micro-computed tomography increased late in ripening. Heating had little or no effect on CD or [O 2 ] but decreased berry porosity, which was not affected by irrigation. Conclusion: Water stress increased berry CD, which was associated with increased hypoxia. Significance of the Study: The association between berry [O 2 ] and CD provides insights into berry ripening with implications for yield and berry flavour.
Introduction
Ripening of Vitis vinifera berries in warm climates is sometimes associated with berry dehydration or shrivel. Increasing frequency and intensity of heat waves and drought events with climate change Arblaster 2009, Perkins et al. 2012 ) is predicted to have adverse effects on grapevines (Webb et al. 2007 , Bonada and Sadras 2015 , Caravia et al. 2016 , and frequency of shrivel is likely to increase (Fuentes et al. 2010 , Bonada et al. 2013a ). Berry shrivel is particularly prevalent in Shiraz, where yield can be reduced by up to 30% (McCarthy 1997) and sensory and chemical composition of grapes and wine is altered (Bonada et al. 2013b (Bonada et al. , Šuklje et al. 2016 ). The phenomenon results from an imbalance between phloem influx to the berry (Rogiers et al. 2006) , water back flow to the vine (Tyerman et al. 2004 , Bondada et al. 2005 , Tilbrook and Tyerman 2009 ) and berry transpiration Rogiers 2009, Scharwies and Tyerman 2017) . Dehydration and shrivelling can increase berry sugar concentration (Rogiers et al. 2004b , Caravia et al. 2016 leading to wine of higher alcohol.
The onset of berry dehydration coincides with the occurrence of mesocarp cell death (CD) (Tilbrook and Tyerman 2008) , which is modulated by water and temperature (Bonada et al. 2013b) . The association between CD and berry shrinkage is evident in several winegrape cultivars (Fuentes et al. 2010) . The increase in CD indicates reduced lipid and membrane integrity and leakage of electrolytes from cells. This is evident as a decrease in extracellular electrical resistance of Shiraz berries during ripening (Caravia et al. 2015 ) that may be due to potassium leakage into the extracellular space as occurs in Merlot (Keller and Shrestha 2014) . More importantly, CD involves breakdown of membranes and mixing of cellular components that are normally separated, thereby potentially influencing flavour development of wine grapes Tyerman 2008, Bonada et al. 2013b ). Anecdotally, a small amount of late ripening dehydration sometimes favours flavour development in red wine berries. Berry shrivel and CD are also correlated with ripe fruit sensory characteristics (Bonada et al. 2013b) .
High temperature and water stress accelerate CD in Shiraz berries (Bonada et al. 2013b ). Higher antioxidant activity is common in water stressed leaves indicative of oxidative stress (Flexas et al. 2006 ) and elevated temperature increases respiration in grapevine leaves (Zufferey 2016) and in berries (Xiao et al. 2018) . The increased demand for oxygen at high temperature or under water stress may induce hypoxic regions in the pericarp of berries depending on the diffusion resistance through the skin and air spaces (porosity) that connect to lenticels in the berry pedicel (Xiao et al. 2018) . Xiao et al. (2018) showed that the pattern of mesocarp CD correlated with hypoxic regions in Chardonnay and hypoxia was associated with CD late in ripening. Therefore, we hypothesised that under heat stress and water stress, regions of the pericarp in Shiraz berries would become hypoxic depending on tissue porosity, and that this would induce CD. Hypoxic regions should lead to fermentation that will be reflected by elevated ethanol concentration in the berry (Xiao et al. 2018 ). Here we examined the oxygen concentration [O 2 ] profiles and CD across the pericarp of Shiraz berries during ripening under field conditions with treatments that induced water stress and elevated ambient temperature over two seasons. Berry porosity during ripening was measured using pycnometry and X-ray micro-computed tomography (micro-CT) to examine the potential for treatment-induced changes in gas diffusion resistance within the berry. The goal of this study was to better characterise the physiological cause of CD late in ripening and its response to water and heat stress. This study was established in an experiment established in 2010. It combined two water regimes (irrigated, I; nonirrigated, NI), and two thermal regimes (ambient, A; heated, H). An open-top chamber was used to passively heat vines, as described in Sadras et al. (2012a, b) . A split-plot design with three replicates was established where thermal regime was assigned to main plot, and water regime to subplots. Each replicate contained nine vines and seven centrally located vines were used for berry sampling. A guard row was also left on each side of the treated vines to minimise treatment interference.
Materials and methods

Experimental site, vines and treatments
Ambient temperature and relative humidity were recorded at 15 min intervals using TinyTag Ultra2 loggers (Hastings Dataloggers, Port Macquarie, NSW, Australia) shielded in Stevenson-type screens and placed within the canopy in the bunch zone. Vapour pressure deficit (VPD) was calculated based on canopy ambient temperature and relative humidity (Allen et al. 1998 ).
Sampling
In season 1, we sampled berries in Control I and Control NI vines only, and in season 2 we sampled all four treatments from the factorial. Twenty bunches were individually tagged in each season for each replicate. Bunches were chosen from the central part of the canopy when possible. Timing of berry development was recorded as days after anthesis (DAA) or growing degree days (GDD) from anthesis. Anthesis was taken as the date when an estimated 50% of the flower caps had dehisced. Growing degree days was calculated for each replicate using actual temperature and 10 C base temperature (Amerine and Winkler 1944, Williams et al. 1985) . During each growing season, 60 Shiraz berries per replicate were sampled weekly starting around veraison. Three berries, from top, middle and bottom of each tagged bunch, were carefully cut with the whole pedicel attached.
Thirty berries were snap frozen in liquid N 2 , stored in dryice during transport to the laboratory, and then stored in a −80 C freezer. Zip-lock plastic bags with the remaining berries were placed into an ice-cooled container during transport and stored in a 4 C cold room in the laboratory for no more than 48 h before cell vitality and oxygen measurements were made.
Stomatal conductance and leaf gas exchange
Stomatal conductance ( g s ) and leaf gas exchange were measured on one occasion during both season 1 and season 2. In season 1, stomatal conductance was measured with a porometer (Model AP4 DeltaT Devices, Cambridge, England) at 91 DAA. In season 2, we measured net CO 2 assimilation at light saturation A sat [photon flux density = 919 μmol/(m 2 Á s) (Caravia et al. 2016) ], leaf evaporation E and g s with an infrared gas analyser (IRGA) (LCpro-SD Portable Photosynthesis System, ADC BioScientific, Hoddesdon, England) at 97 DAA. The IRGA measurements were recorded after 2 min of enclosing the leaf. Measurements were made between 1200 and 1400 [Australian Central Daylight Time (ACDT)], at ambient temperature, CO 2 and humidity. Measurements were made on the south-western side of the canopy on three mid-shoot, fully exposed and expanded leaves. Measurements on replicates of each treatment were taken in random order, to reduce the effect of changing environmental conditions associated with the order of measurement.
Stem water potential
Stem water potential (ψ s ) was measured at 49 and 119 DAA during season 2 using a pressure chamber (PMS Instrument Company, model 1005, Albany, OR, USA). For each replicate, two mid-shoot, fully exposed and expanded leaves were selected on the south-western side of the canopy, and enclosed in foil covered plastic bags for 1 h before measurement. Measurements were carried out between 1200 and 1400 (ACDT). Each leaf with foil bag was placed in the chamber within 3 s after excision of the petiole from the vines.
Berry cell vitality, TSS and fresh mass
A subsample of three berries of each replicate was used to determine cell vitality using a fluorescein diacetate (FDA) staining procedure on the cut medial longitudinal surface Tyerman 2008, Fuentes et al. 2010) . Each berry was weighed, and cut in two halves. One half was used to measure TSS and osmolality, the other half was incubated in dark for 15 min, with 4.8 μmol/L FDA solution on the cut surface with solution osmolality similar (to within 10%) of the grape juice (adjusted with sucrose). The stained berries were viewed with a Nikon SMZ 800 (Nikon, Toyko, Japan) dissecting microscope under ultraviolet light with a green fluorescent protein filter in place. Images were taken by a Nikon DS-5Mc digital camera (Tochigi Nikon Precision, Otawara, Japan) and NISElements F2.30 software with the same gain and exposure settings for all images. Images were analysed with a MATLAB (Mathworks, Natick, MA, USA) code for determining berry cell vitality (Fuentes et al. 2010 ).
Berry internal [O 2 ] profiles
A subsample of three berries of each replicate was used to determine internal berry [O 2 ] using a Clark-type oxygen microelectrode with a tip diameter of 25 μm (OX-25; Unisense, Aarhus, Denmark). The microelectrodes were calibrated in a zero O 2 solution (0.1 mol/L NaOH, 0.1 mol/L C 6 H 7 NaO 6 ) and an aerated Milli-Q water (272 μmol/L at 22 C), as 100% O 2 solution. Individual berries (equilibrated to room temperature) were secured on the motorised manipulator stage. To aid the penetration of the microelectrode into the berry skin, a hole was initially punctured through the skin at the berry equator with a stainless steel syringe needle (19 G), to a depth of 200 μm. The microsensor was positioned through this narrow hole and profiles of oxygen were taken with depth towards the centre of the berry. Previous work had established that O 2 leakage around the site of skin penetration was insignificant (Xiao et al. 2018) . Oxygen was measured from 0.2 to 1.5 mm under the skin progressing at 0.1 mm steps. The electrode was not moved beyond this point to avoid damaging the tip against a seed. Each measurement at each position lasted 10 s. Between each position, stable signals were recorded within 20 s. Measurements were recorded using the Unisense Suite software. Means and SE of each step (n = 3) were calculated and O 2 profiles were compiled using GraphPad Prism 7 (Graphpad Software, La Jolla, CA, USA). After the oxygen measurements, berry temperature was measured using an IR thermometer (Fluke 568; Fluke Corporation, Everett, WA, USA) with a type-K thermocouple bead probe (Fluke 80PK-1). Berry diameter at the equator was determined using a digital calliper.
Berry oxygen uptake
A Clark-type oxygen microsensor OX-MR and the MicroRespiration System (Unisense) were used for measurement of berry O 2 uptake. Each replicate consisted of nine berries. The measuring chamber containing nine detached berries was filled with aerated Milli-Q water, constantly stirred and maintained at 25 C in a water bath. The measurement of [O 2 ] in the water inside the measuring chamber lasted at least 15 min, with readings taken every 5 s to determine a steady respiration rate from the slope of the decline in [O 2 ].
Berry ethanol concentration
A subsample of ten frozen berries from each replicate was ground to a fine powder in a liquid N 2 -cooled A11 basic mill (IKA, Staufen, Germany). Ethanol was quantified with an ethanol assay kit following the manufacturer's instructions (Megazyme International Ireland, Wicklow, Ireland) . Briefly, alcohol dehydrogenase (ADH) catalysed the oxidation of ethanol to acetaldehyde. Acetaldehyde was then further oxidised to acetic acid and NADH in the presence of aldehyde dehydrogenase (AL-DH) and NAD + . Formation of NADH was measured in a FLUOstar Omega plate reader (BMG LABTECH, Ortenbery, Germany) at 340 nm.
Berry porosity using pycnometry
A subsample of three fresh berries from each replicate of all treatments in season 2 was used. Berries, with pedicels carefully cut off, were submerged in de-gassed Milli-Q water and vacuum infiltrated at −740 mm Hg using a vacuum pump (Sparmax TC-502 V, Ding Hwa, Taipei, Taiwan) and a desiccator (Art. 550, Kartell LABWARE, Noviglio, Italy). For every 270 s of vacuum applied, the desiccator was depressurised for 30 s. The total application time was 50 min. Individual berry mass was obtained before and after the vacuum application. Individual berry volume was estimated using a HubbardCarmick specific gravity bottle (25 mL, KIMAX, Kimble Chase, Vineland, NJ, USA). Berry volume (v 1 ) was calculated:
where m 0 is berry mass before vacuum, m f1 is mass of pycnometer filled only with water, m f2 is mass of pycnometer with one berry inside and filled with water. Density of water (ρ water ) = 1 g/cm 3 . Volume of air space within berries was estimated assuming that after 50 min of vacuum infiltration, all air spaces were filled with water. No visible bubble stream from berries could be observed under vacuum after 50 min. Volume of internal air space (v 2 ) was calculated as:
where m 50 is the mass of berries after 50 min of vacuuming application. Porosity of berries was then calculated as:
X-ray micro-CT to determine internal air space volume of intact berries
To confirm berry porosity measurements using pycnometry and to image the structure of internal air space of the berries, X-ray micro-CT was used to estimate the changes in the volume and distribution of air space within berries during berry ripening. One berry from each replicate of A + NI and A + I treatments in season 2 was imaged, using a Skyscan 1076 (Bruker microCT, Kontich, Belgium), at Adelaide Microscopy, The University of Adelaide. Imaging procedures and settings were the same as described by Xiao et al. (2018) . Whole berry (pedicel attached) 2D projections were acquired with 59 kV, 149 μA, Al 0.5 mm filter, 2356 ms exposure, 0.4 rotation step. Transverse greyscale images of berries were obtained, using NRecon (bruker-microct.com), at 8.5 μm image pixel size (equivalent to 15 μm spatial resolution or 3 × 10 −6 mm 3 voxel size). This resolution was shown to adequately assess the porous microstructure of apple (Mendoza et al. 2007 ). For 3D visualisation of air spaces in berries from the A + I treatment, Otsu thresholding was applied to the volume and the despeckle function was applied to accept only continuous volume over 500 or 1000 voxels as connected air spaces using the CT-Analyser (bruker-microct.com). Inverted images containing only air space were reconstructed into 3D berry images using CTvox (bruker-microct.com). For calculation of locule volume of berries from both I and NI vines, manual thresholding was applied by referring to the greyscale images, and the despeckle setting was applied to accept only continuous volume over 1000 voxels as locule volume using the CT-Analyser. Locule volume was calculated using the CT-Analyser.
Statistical analysis
All data are presented as mean AE SE. In the first season only two treatments were compared (A + I vs A + NI), hence a t-test was used. In the second season, two-way ANOVA (SPSS Statistics for Windows, Version 25.0. IBM, Armonk, NY, USA) was used to assess the effect of water regime, thermal regime and their interaction.
Segmental linear regressions were fitted to the change of proportion in berry living tissue over time as in Bonada et al. (2013a) . Third order polynomials were fitted to the [O 2 ] profile data for each treatment. For sugar accumulation and berry mass as a function of time either one of two equations were used to model the data as a function of time (t) depending on the presence of a plateau or a peak then decline in the variable with time:
where Y 0 is the initial value, Plateau is the final value, K is the rate constant and t 0 is the first sampling time in Equation 4, and B 0 , B 1 , B 2 are the intercept and coefficients respectively of the quadratic Equation 5. The better of these two models that fit to the data was determined by Akaike's Information Criteria. Figure 1d ). There was a series of large rain events between 87 and 91 DAA (Figure 1d ). Between 40 and 125 DAA in season 2, daily maximum ambient temperature ranged from 21.2 to 44.5 C in unheated I treatments while daily minimum ranged from 6.3 to 22.8 C. Over the same period, heating increased daily maximum temperature on average by 0.6 in H + I and 1.0 C for H + NI ( Figure 1a ) and had no effect on minimum temperature. Larger canopies in I vines diminished the effectiveness of passive heating. The VPD was elevated in proportion to the increase in maximum temperature (Figure 1b) .
Results
Growing conditions and phenology
Full anthesis (stage EL 23) (Coombe 1995) occurred in season 1 on the 7 November 2014 and in season 2 on the 3 November 2015 with no treatment differences evident. Veraison occurred on 63 and 70 DAA for season 1 and season 2, respectively, again with no treatment differences.
Stem water potential, stomatal conductance and gas exchange
Lack of irrigation resulted in clear physiological indicators of water stress (Table 1 ). In the first season, we measured stomatal conductance on a bright sunny at day 91 DAA [average photosynthetically active radiation (PAR) = 2852 AE 98 μmol/(m 2 Á s)] where g s in NI vines was half of that in I vines, and near a 50 mmol/(m 2 Á s) threshold proposed as an indicator of water stress by Flexas et al. (2002) . The relatively low g s measured for Control I vines was similar to that measured previously at this site after flowering (Sadras et al. 2012b ).
In the second season, midday stem water potential (ψ s ) reflected the water stress imposed on NI vines. Heated vines showed no indication of water stress and there was no interaction with irrigation in either gas exchange traits or ψ s (Table 1) . A similar depression of g s for NI vines was observed on two occasions in season 2 and net CO 2 assimilation at light saturation (A sat ) was significantly reduced relative to A + I vines (Table 1) .
Berry ripening
The dynamics of berry TSS, berry fresh mass and sugar per berry are compared between treatments for season 1 and season 2 in Figure 2 . As a function of time TSS was best fitted by Equation 4 and one curve adequately fitted all the data rather than individual curves for each treatment (P = 0.18). For berry mass Equation 5 best described the data returning peak biomass at 87 DAA and 89 DAA for A + I and A + NI vines in season 1. In season 2 peaks in mass occurred at 99 DAA (A + I), 83 DAA (A + NI), 97 DAA (H + I) and 100 DAA (H + NI) (Figure 2c Berry living tissue Figure 3 shows the effect of treatments on the dynamics of CD during two seasons. Segmental linear regression identified a slow CD stage (slope 1), and a fast CD stage (slope 2) after a developmental threshold (Bonada et al. 2013b) . The onset of the fast CD stage in both A + I and A + NI berries in season 1 was the same at 90-91 DAA, but separated in season 2 where A + NI vines had earlier onset but lower rate of CD in the fast stage ( Table 2 ). The earlier onset of the threshold for fast CD corresponded to the peak in berry mass. There was no effect of heating on the onset of fast CD or the rate of its development when examined over chronological time (Figure 3c,d) , but there was a significant interaction with irrigation for both parameters (Table 2) . Plotting CD against thermal time from anthesis in season 2 (Figure 3e) showed that A + NI vines had earlier onset of the rapid decline in living tissue and had reduced fast stage (slope 2) relative to that of A + I vines (Table 2) . Heating increased the thermal time of onset of the fast stage of CD, and there was a significant interaction with irrigation (Table 2) . Water deficit slowed the rapid decline in living tissue for unheated vines (slope 2) with a significant interaction with temperature (Table 2 ). There was no effect of treatment or interaction on the slope of the slow stage of CD before the onset of fast stage (Table 2) . (Figure 4b ). At 106 DAA, both I and NI berries were severely hypoxic at 1.5 mm (Figure 4d ). Third order polynomials were fitted to the profiles and comparison of fitted curves by extra-sum-of-squares F-test revealed the effect of water stress on the evolution of [O 2 ] profiles, where [O 2 ] was on average higher in I than in NI for berries at 77 and 91 DAA.
Oxygen concentration profile in berries
In season 2, a similar pattern of [O 2 ] profile was observed with depth in the berry and with berry ripeness (Figure 4e-h) . In contrast to season 1, ambient irrigated (A + I) berries did not become severely hypoxic at 1.5 mm at the last sample date (112 DAA), but all other treatments had extremely low [O 2 ] between 1.0 and 1.5 mm (Figure 4h ). Comparison of third order polynomials showed berries from A + I and H + I at 105 DAA (Figure 4g ) had significantly higher [O 2 ] than the NI treatments (P < 0.0001). Berries from I and H + I had similar parameters for their fitted functions, while the models for NI and H + NI were different (P < 0.0001). At 112 DAA, H + NI berries had lower [O 2 ] compared to that of the other treatments (Figure 4h ). 
Association between CD and [O 2 ]
The relationships between berry living tissue and mean [O 2 ] (0.2-1.5 mm) are shown in Figure 5 . In season 1 a strong global association fit by the Michaelis-Menten equation was found regardless of water regime (R 2 = 0.91) (Figure 5a ). At the same concentration of oxygen, berries in season 2 maintained higher proportion of living tissue than in season 1 (solid vs dashed lines in Figure 5b) . A similar association between proportion of living tissue and [O 2 ] was found for A + I, A + NI and H + I berries (R 2 = 0.66), but H + NI required a different fit to the data (Figure 5b ).
Berry respiration
Berry respiration measured as O 2 uptake at 25 C declined during ripening both on a per berry basis and on a fresh mass basis (Figure 6 ). On a per berry basis respiration rate in both season 1 and season 2 differed between treatments (Figure 6a,c) . For season 2 berries from I vines had a higher respiration rate on a per berry basis compared to that of NI vines irrespective of thermal treatment. On a berry fresh mass basis, there was a difference in respiration rate only between I and NI in season 1 at 84 DAA, but no difference amongst all treatments in season 2 (Figure 6d ).
Berry ethanol concentration
Berry ethanol concentration was measured three times during ripening in season 1 and four times in season 2 (Figure 7) . There was a significant trend in both seasons for ethanol to increase with time. In season 1 the increase was larger for berries from NI vines compared to the berries from I vines. This was not evident in season 2 where there was no difference between the regression lines for the treatments according to an extra-sum-of-squares F-test. The overall ethanol concentration in berries was similar in both seasons.
Berry porosity and relative locular volume from X-ray micro-CT 3D Models of total air space within the berries (Figure 8a-d) showed berries with lower TSS had a small proportion of locule volume (Figure 8a ) and a large proportion of smallsized air spaces in the pericarp (Figure 8c ). The small-sized air spaces diminished later in ripening compared to earlier while the locule air space became more dominant (Figure 8b,d ). There were continuous air space connections from the locule area to the pedicel. Total berry porosity measured from pycnometry declined as ripening progressed (Figure 8e) . In contrast to other measured traits there was no effect of water regime on porosity (Figure 8e ). Heating decreased porosity for the same TSS particularly early in ripening irrespective of water regime (dashed line in Figure 8e ).
The locule relative volume for A + I and A + NI grapes was measured by X-ray micro-CT. Contrary to the total porosity, the locule volume increased with increasing TSS. Locule volume as a function of TSS was similar across water regimes (solid red line, Figure 8e ). The curves of locule volume and porosity intersected at a TSS of about [25] [26] [27] Brix.
Discussion
This study connects two parallel streams of previous research. First, it was shown that restricted O 2 diffusion into Chardonnay berries may cause severe hypoxia and ethanol accumulation, presumed to result from fermentation and from earlier CD (Xiao et al. 2018 ). Profiles of low [O 2 ] across the pericarp correlated with regions of CD, which usually initiates in the middle of the mesocarp, in both Chardonnay and Shiraz (Xiao et al. 2018) . Second, elevated temperature and water stress increased the rate of fast CD in Shiraz berries (Bonada et al. 2013a, b) . Thus in this study we explored the connection between stress-modulated CD and berry internal [O 2 ]. Decreased berry porosity (air spaces), perhaps induced by stress could potentially restrict the diffusion of O 2 and lead to hypoxia and CD, thus we also examined how porosity and internal air space structure, defined by X-ray micro-CT, changed during development under the imposed treatments.
Our results for Shiraz berry CD during development confirm those of Bonada et al. (2013b) , with stress modulating both onset and rate of CD in the second stage. Our measurements showed correspondingly higher degree of hypoxia, and higher ethanol production in berries from NI vines in season 1 and CD correlated with mean [O 2 ] in berries during development. In contrast to Bonada et al. (2013b) , however, heating did not shift the onset of fast CD in chronological time under our experimental conditions. Consistently, heating did Table 2 . Rates of cell death (CD) before (slope 1) and after (slope 2) the onset of rapid CD in chronological and thermal scales for Shiraz in season 2, and the results of two-way ANOVA. not alter the degree of hypoxia in berries, despite the decrease in berry porosity (proportion of volume as air space) earlier in ripening that would be expected to increase the diffusion resistance to O 2 (see below). From a previous study the heating system typically increased daytime bunch temperature by 2.3-3.2 C in relation to unheated Controls (Sadras and Soar 2009). Heating increased berry mass after veraison compared to Control vines with or without irrigation and this was reflected in increased sugar per berry since TSS was not affected. Water deficit (Table 1) reduced berry mass, reflecting the sensitivity of both cell division and expansion (Hardie and Considine 1976 , Ojeda et al. 2001 , Rogiers et al. 2004a .
Water deficit and elevated temperature modulate mesocarp CD and berry shrivel in Shiraz (Bonada et al. 2013a , b, Caravia et al. 2015 , 2016 . Under our experimental conditions the effect of water stress was dominant, where the rate of CD was accelerated in season 1 and the onset of CD was advanced in season 2 in water stressed vines. In contrast to Bonada et al. (2013b) we found no thermal effects on the dynamics of CD. There are three non-mutually exclusive reasons for this disagreement. First, the intensity of heat stress was larger in the experiment of Bonada et al. (2013b) . Second, there were differences in the background conditions of rainfall, radiation and other relevant environmental factors (Sadras et al. 2017) . Third, we measured berry responses in vines that were continuously exposed to the warmer temperature during 4-5 years, hence the potential for acclimation (Kozlowski and Pallardy 2002, Wang and Li 2006) . Notwithstanding these reasons, it is interesting to note the large difference in the onset of CD in thermal time between the two studies, but the similarity in time after anthesis, which is consistent across many previous studies on Shiraz berry CD.
Internal [O 2 ] decreased dramatically across the skin and mesocarp region up to 1.5 mm from the skin surface (note log scale in Figure 4 ), for all treatments in both seasons. It was not possible to probe the Shiraz berries greater than 1.5 mm from the surface due to the possibility of impacting the seeds with the expensive O 2 probe (Xiao et al. 2018) . The mean berry internal [O 2 ] to 1.5 mm of all treatments also decreased during ripening in both seasons. This decrease in mean [O 2 ] correlated well with the progression of CD during berry ripening ( Figure 5) . The association between cell vitality and mean [O 2 ] was generally independent of seasonal and stress conditions ( Figure 5) tissues (Thomson and Greenway 1991, Armstrong et al. 2009 (Xiao et al. 2018) . In other fruits, such as pear, limited O 2 availability in the core of the fruit can lead to the physiological disorder of core breakdown, which is related to severe hypoxia in the tissue (Franck et al. 2007 ).
Berries from NI vines showed lower internal [O 2 ] during ripening in both seasons. In grapevine, transcript abundance of genes involved in reactive oxygen species (ROS) scavenging increased under water stress (Cramer et al. 2007 ). Accumulation of ROS at veraison was regarded as a harmless and normal berry ripening phenomenon (Pilati et al. 2014) . Production of ROS is enhanced under stress and may function as a signal that triggers defence responses. In contrast, prolonged drought stress can break the balance of ROS generation and scavenging and result in oxidative stress and CD (Cruz de Carvalho 2008) .
Hypoxia in large tissues can result from gas diffusion limitation and high O 2 demand from respiration (Sasidharan et al. 2017) . Respiration is highly correlated with internal [O 2 ] of plant tissues (Zabalza et al. 2009 ) and in the grape berry is affected by the developmental stage (Harris et al. 1971) . On a per berry basis, lower respiration rate was found in water stressed berries in both seasons likely due to the smaller berry size, since on a per gram basis there was little or no difference in respiration rate between treatments. On a per gram basis berries under water stress showed a significantly higher respiration prior to the onset of CD in the first season. This is possibly associated with the lower mean [O 2 ] around the same time during ripening (Figure 4b ) that could result in more CD under water stress. An overall decrease in respiration rate was observed in all treatments from veraison to late ripening ( Figure 6 ). This is probably an indication of decreased O 2 availability combined with decreased proportion of living tissue within the berry.
Ethanol is the major end product of fermentation (Noctor and Foyer 1998) favoured by hypoxia or anoxia, for example in Arabidopsis (Zabalza et al. 2009 ). Plants can adapt to severe hypoxia by utilising fermentation instead of oxidative respiration thereby maintaining some cell function (Geigenberger 2003) . The increase in ethanol in berries indicates this metabolic change and confirms that the high respiration, possibly drought induced, first results in faster depletion of internal [O 2 ] ultimately leading to severe hypoxia.
Oxygen uptake and the diffusion properties within grape berries change during berry ripening (Xiao et al. 2018 ). Differences in volume of air spaces and density of pores in fruit parenchyma contribute to the differences in internal O 2 availability between apple and pear (Verboven et al. 2008) . Interestingly, the berries grown under elevated temperature showed a lower proportion of airspace particularly earlier in ripening. Since berries were larger under heating treatments this may indicate that the actual air space volume was approximately the same. The proportional increase, however, in mass for the heated treatments early in ripening (i.e. at 10 o Brix) was small while the relative difference in porosity between heated and Controls was greatest at this stage (compare Figure 2d . In (a) and (b), minimum voxel cut-off was 1000. In (c) and (d), minimum voxel cut-off was 500, longitudinally sectioned 3D berries were shown for easy visualisation of locule. White dots on box outline are at 1 mm intervals and each image has been sized to be at the approximate same scale. Blue to white colour indicates increasing volume of connected space. (e) Total berry porosity measured in season 2 using pycnometry and relative volume of the locule using micro-CT, as a function of TSS. There was no significant difference in total porosity (pycnometry) between ambient irrigated (A + I) ( ) and ambient nonirrigated (A + NI) ( ) berries so one fitted line is shown (quadratic equation) (
). There was also no significant difference between heated irrigated (H + I) ( ) and heated non-irrigated (H + NI) ( ) berries and one fitted line is shown (quadratic equation) (
). There was a significant difference between heated and ambient treatments F-test, P < 0.05). Locule relative volume is shown measured by micro-CT for ambient irrigated (A + I) ( ) and non-irrigated (A + NI) ( ) berries. There was no significant difference between locule relative volume for the two treatments so one fitted line is shown (quadratic) ( ).
in Shiraz. It should also be noted that internal [O 2 ] will depend not only on porosity but also on O 2 demand that will vary with respiration rate. Previous research showed that intracellular air spaces (more than 15 μm wide) existed in the brush region throughout berry development (Findlay et al. 1987) . Using micro-CT 3D visualisation, we found that the internal air space of Shiraz berries occurs as fine pores in the pericarp. Later in ripening, these fine pores became less dense corresponding to the decrease in porosity measured by pycnometry. These air channels connect to the pedicel where lenticels occur at high density. This is essentially similar in Chardonnay berries (Xiao et al. 2018 ). An interesting observation made by micro-CT was that the relative volume of the locule air space became larger later in ripening. Comparing this with the pycnometry measurements it would suggest that the total berry air space was mostly accounted for by the locule air space when berries become ripe at [25] [26] [27] o Brix. The relative locule volume increased thereafter, probably indicative of berry shrivel. The reduction of fine air-filled pores in the pericarp could be due to sap leaking from non-vital cells and this would reduce oxygen diffusion to any cells that were still vital and respiring in the pericarp.
Conclusions
Berry internal [O 2 ] decreased with both depth in Shiraz berry tissues and berry ripeness irrespective of growing conditions. The progression of CD during berry ripening correlated with mean berry internal [O 2 ] across growing conditions. Water stress decreased Shiraz berry internal [O 2 ] and increased ethanol accumulation and CD. Elevated temperature did not affect berry [O 2 ] and CD under our experimental conditions. Porosity of the berries decreased throughout development for all treatments. Relative volume of the locule air space became larger later in ripening which could be an indicator of berry shrivel. The increase in mass of heated berries, resulting in lower porosity compared to that of smaller sized Controls, was likely due to similar air volume within the berries irrespective of treatment. The reduced berry internal [O 2 ] was related to the reduction in porosity and proportion of living tissue. Cell death, and by implication berry shrivel, are strongly linked to oxygen supply and demand. Potentially any biotic or abiotic stress that may influence oxidative processes, berry respiration or berry anatomy will likely impact on CD, with implications for oenologically relevant berry traits.
